Abstract. The MAJORANA DEMONSTRATOR neutrinoless double beta-decay experiment is currently under construction at the Sanford Underground Research Facility in South Dakota, USA. An overview and status of the experiment are given.
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NEUTRINOLESS DOUBLE BETA-DECAY
Searches for neutrinoless double-beta (0νβ β ) decay are the most promising way to determine whether neutrinos are Majorana or Dirac particles [1] . Discovering that neutrinos are Majorana particles would have a profound impact on our understanding of matter [2, 3] . The observation of the decay would show that lepton number is violated providing a mechanism for leptogenesis to explain the matter anti-matter asymmetry in the Universe [4] . Furthermore, the Majorana nature of the neutrino would allow for the see-saw mechanism [5, 6] to explain the, seemingly finely-tuned, small neutrino masses. Finally, the rate of neutrinoless double beta-decay could be used to determine the neutrino mass scale [7] .
In the standard paradigm, neutrinoless double beta-decay is described by the simultaneous decay of two neutrons into two protons and two electrons, mediated by the exchange of two W bosons and a virtual Majorana neutrino. It has however been shown that any (non-standard) mechanism that allows for neutrinoless double beta-decay would imply that neutrinos are Majorana particles [8] . Extracting information about neutrinos, such as their mass scale, from the observation of 0νβ β decay is complicated by several factors. Even in the standard paradigm, uncertainties in the nuclear matrix elements make it difficult to use the decay rate to precisely determine the neutrino mass scale. Furthermore, it is not yet understood if the axial vector current coupling constant, g A , is effectively reduced in 0νβ β decay as it is in the two neutrino double beta-decay and single beta-decay [9, 10] . For a given neutrino mass and nuclear matrix element, g A could change the decay rate by a factor of around 20 [11] . Keeping these limitation in mind, the lifetime of 0νβ β decay, T 0ν 1/2 , in the standard paradigm, can be written as [9] :
where, G 0ν , is the phase-space factor, M 0ν , is the nuclear matrix element, m e , is the mass of the electron and, m β β , is the effective Majorana neutrino mass. The effective neutrino mass, resulting from the mixing of neutrino eigenstates that can participate in the decay, is given by:
where m i are the masses of the neutrino energy eigenstates and, U ei , are the elements of the neutrino mixing matrix. The best current experimental limits on the lifetime for the decay indicate a half life longer than 3.0×10 25 years in 76 Ge [12] and 3.4×10 25 in 136 Xe [13] . These limits translate to an upper limit on m β β of order ∼ 200 meV, depending on the choice of nuclear matrix element and choice of g A . The current generation of experiments are expected to reach sensitivities in the range of 100 meV. The focus for the next generation of experiments will be to scan the inverted hierarchy region of the possible 0νβ β decay, which corresponds to lowering the sensitivity by roughly one order of magnitude ( m β β ∼10 meV). This range is appealing as it corresponds to m β β in the range of the atmospheric neutrino mixing mass-squared difference. These next generation experiments will require fiducial masses of the order of 1 tonne and exposures of several years to reach this sensitivity. It has also been argued that no candidate isotope is a particularly better choice for an experiment [11] . However, for a signal to be convincing, it is generally agreed that it should be observed in several isotopes. It is thus critical for several large neutrinoless double beta-decay experiments to be developed.
EXPERIMENTAL SEARCHES FOR NEUTRINOLESS DOUBLE BETA-DECAY
Experiments to search for 0νβ β decay are designed to precisely measure the energy spectrum of the two electrons emitted in the decay. Experiments are optimized to be sensitive near the Q-value of the decay, where a small peak in the electron energy spectrum would reveal the neutrinoless mode of the decay. The sensitivity of 0νβ β experiments is limited by the Poisson statistics in a region of interest near the expected peak with a width related to the energy resolution. In the presence of backgrounds, the 1σ sensitivity in the detectable half life from a target of mass, M, observed during a time, t, can be written [14] :
where, ε, is the efficiency of the experiment at detecting the decay, a, is the isotopic abundance of the target, N A , is Avogadro's Number, x, is the number of atoms per molecule that can undergo double beta-decay, A, is the molecular mass of the target, σ E , is the energy resolution of the experiment and, B, is the background rate in the region of interest (per unit target mass and per energy, e.g. counts/keV/kg/yr). Increasing the isotopic abundance and the efficiency of detecting the decay have the biggest effect in increasing the sensitivity and are typically set by the choice of technology. The achievable energy resolution is also dictated by the choice of technology. The Mt "exposure" term is dependent upon the size of the experiment. Finally, the ultimate limit for a given technology and size of experiment will be achieved by minimizing the background rate in the region of interest. Thus, once a technology choice has been made, experimental designs focus on achieving the lowest possible background rate so that larger exposures remain competitive.
P-TYPE POINT CONTACT HPGE DETECTORS
P-type point contact (PPC) high purity germanium (HPGe) detectors [15, 16] are a promising technology choice to search for neutrinoless double beta-decay. HPGe detectors are a well established technology with excellent energy resolution (approximately 0.2% at 2039 keV, the Q-value for the 0νβ β decay of 76 Ge). The detectors can be made from germanium crystals enriched in the 0νβ β -candidate isotope 76 Ge, thus optimizing the abundance and efficiency terms in Eqn. 3. In addition, the point contact detector geometry (see Fig. 1a ) gives the ability to distinguish between single and multiple site energy depositions in the crystal [16, 17, 18] . This is particularly useful in identifying the backgrounds from gamma rays scattering multiple times in a crystal and distinguishing them from the localized energy deposition of the two electrons from a double beta-decay. Fig. 1b shows the recorded trace of the charge as a function of time (black solid line) from a PPC detector for a 1332 keV gamma ray scattering four times within the crystal. The red (dashed) line shows the corresponding current in the point contact detector (obtained by differentiating the charge trace) where four different current pulses corresponding to the four scatters can easily be seen. Through pulse shape discrimination, the backgrounds from multiple scatter events in PPCs can be greatly reduced.
THE MAJORANA DEMONSTRATOR
Overview
The MAJORANA DEMONSTRATOR experiment [21] is deploying an array of 40 kg of PPC detectors, of which, up to 30 kg will be enriched to at least 86% in 76 Ge. The experiment is currently under construction in the Davis Campus at the 4850 ft level of the Sanford Underground Research Facility (SURF), in South Dakota, USA. The primary goal is to demonstrate a technology that can be scaled up to a tonne scale experiment to perform a search for 0νβ β decay in the inverted mass hierarchy region. The DEMONSTRATOR will also have the sensitivity to test the claim in [22] as well as the ability to search for other rare events (see below). The sensitivity to a half-life measurement (see Eqn. 3) as a function of exposure is shown in Fig. 2 for germanium experiments. It can be seen that exposures of the order of tonne years are required to probe the inverted hierarchy regime. The MAJORANA DEMONSTRATOR thus aims to demonstrate a design, that when scaled up to 1 tonne, results in a background rate of 1 count per tonne of germanium per year in a 4 keV region of interest near the Q-value.
The MAJORANA DEMONSTRATOR experiment will employ a conventional design for operating PPC detectors in vacuum cryostats surrounded by a compact shield. Extreme care is taken by using ultra-pure materials to minimize background from radioactive contaminants. The components near the detectors are fabricated from copper that is electroformed underground. Electroforming the copper increases the purity of the material (removing uranium and thorium) [25] , while performing this operation underground significantly reduces the amount of cosmogenically produced isotopes in copper (such as 60 Co). The collaboration has gone through substantial efforts to build a clean machine shop underground to fabricate components from the electroformed copper. Left panel: PPC detector that was fabricated at Lawrence Berkeley National Laboratory (LBNL) and described in [19, 20] . Right panel: charge (black solid) and current (red dotted) as a function of time recorded with the LBNL PPC. The current was obtained by differentiating the charge trace from this 1332 keV gamma ray event [19] . At least four different current pulses can be distinguished, corresponding to four different interactions (Compton scatters) of the gamma ray in the detector. The ability to identify multiple scatter events gives PPC detectors the capability of rejecting backgrounds to the 0νβ β decay signal. 2. Sensitivity of a germanium-based experiment such as the MAJORANA DEMONSTRATOR . The sensitivity to a 90% confidence measurement of the half-life as a function of the exposure is calculated using the Feldman-Cousins method [23] . The band shows the region of the inverted hierarchy, with the nuclear matrix element calculated using the Quasi-Random Particle Approximation [24] and a nominal value of g A . The effect of different background rates in a 4 keV the region of interest (ROI) is shown, highlighting the need for a very low background rate. The MAJORANA DEMONSTRATOR will have an exposure of the order of 60 kgy after two years. It can be seen that in order to probe the inverted hierarchy, tonne scale experiments are necessary.
Each point contact detector is assembled in a low background mount fabricated from the electroformed copper and PTFE parts. The mount also holds a low mass front end board (LMFE) [26] used to read out the charge signal in the detector. The LMFE is part of a low background and low electronic noise readout system for the detector signals. The LMFE is assembled on a thin fused-silica wafer, with sputtered gold traces (on top of a sputtered titanium bonding layer) and a bare-die JFET to amplify the charge signals from the detectors. The readout system also includes low mass coaxial cables (50 Ohm impedance) with a diameter of approximately 1 mm, fabricated from copper and FEP (fluorinated ethylene propylene) dielectric. These are attached to the LMFE using low background silver epoxy. The assembled mount is called a detector unit, which is shown in Fig. 3a . Detector units can be stacked into strings holding up to five units, as shown in Fig. 3b . The strings of detectors are then mounted into "module" vacuum cryostats that can hold up to seven strings. The module cryostats are cooled by a thermosyphon which circulates a closed loop of nitrogen [27] . The nitrogen is condensed on one side of the circuit in a custom dewar and then evaporated on a cold plate near the detectors to provide the cooling power (see dewar on the far right of Fig. 4 ). This configuration has been shown to provide adequate cooling power while meeting the background goals for the experiment. The MAJORANA DEMONSTRATOR experiment will have two module cryostats fabricated out of electroformed copper. The cryostats will be enclosed in a compact shield composed of several layers. From the inside out, these layers are: 5 cm of electroformed copper, 5 cm of commercial oxygen-free high conductivity copper and 45 cm of low background lead. The shield will be enclosed and purged with dry boil-off nitrogen to remove radon. This radon enclosure will be fully covered (nearly 4π) by a muon veto comprised of plastic scintillators. Finally, the muon veto is enclosed in a 5 cm layer of borated polyethylene and 25 cm of polyethylene to absorb neutrons. A schematic of the two cryostats inside of the shield is shown in Fig. 4 .
Backgrounds in the experiment are reduced in several ways besides constructing the experiment underground to shield it from cosmic rays. All the materials used to construct the DEMONSTRATOR (electroformed copper, PTFE, cables, LMFEs, etc.) have been screened to have very low levels of uranium and thorium and meet the background goals of the experiment. The assembly of the detector units and their manipulation is entirely conducted in a glove box that is purged with boil-off nitrogen to reduce any possible contamination from radon. The intrinsically good energy resolution of germanium detectors further helps to mitigate backgrounds by enhancing the expected peak relative to the two neutrino mode of double beta-decay. The choice of PPC detectors allows backgrounds associated with multiple scatters (such as high energy gamma rays and 68 Ge decays) to be strongly rejected. A very detailed simulation of the expected backgrounds based on assays and the characterization of the detectors has been performed and predicts a performance in line with the stated goals. 
Schedule and status
The MAJORANA DEMONSTRATOR experiment is proceeding in three phases. In the first phase, a prototype cryostat made of commercial OFHC copper is used to deploy two strings of natural (non-enriched) germanium detectors in a partially assembled shield. The goal of this prototype is to demonstrate the integration of the various components (detectors, vacuum, cooling, shielding, data acquisition). The first string of detectors was installed in the prototype in the summer 2013 and tests are currently ongoing (as of October 2013). In the second phase, the first module made from electroformed copper will be populated with a mix of natural and enriched detectors and run inside the completed shield alongside the prototype cryostat. This second phase is anticipated to begin commissioning in the first quarter of 2014. Finally, in the third phase, a second cryostat made of electroformed copper and containing only enriched detectors will replace the prototype cryostat in the shield. Approximately 2700 kg (85%) of the electroformed copper have been produced so far, with all parts required for the first module in hand.
The collaboration has also started to produce and test PPC detectors made from germanium enriched in 76 Ge. The material was enriched by Electrochemical Plant (ECP) in Russia and delivered to the collaboration in the form of germanium oxide powder. The oxide powder was transported by boat and ground transport in a shielded container to a shallow underground site near Oak Ridge, TN, USA. The oxide is reduced and zone refined to electronic grade material by ESI in Oak Ridge. The electronic grade material is then provided to AMETEK/ORTEC which has been contracted by the collaboration to fabricate the diodes. Care is taken to minimize the exposure of the enriched material to cosmic rays, thus reducing comsogenic activation of isotopes that could contribute backgrounds (in particular, 60 Co and 68 Ge). The fabricated detectors are tested briefly at ORTEC and, if accepted by the collaboration, immediately transported to SURF for further detailed characterization. As of October 2013, the collaboration has accepted approximately half of the 30 kg of enriched detectors, which are currently underground at SURF and ready for deployment.
OTHER PHYSICS AND MALBEK
The use of PPC detectors and very low levels of background allow the MAJORANA DEMONSTRATOR experiment to perform searches for other rare events in addition to the search for 0νβ β decay. PPC detectors have a very low energy threshold because the small capacitance of the point contact electrode results in very low levels of electronic noise. This low threshold allows searches for dark matter [28] , solar axions [29] , violation of the Pauli Exclusion Principle [30] , and coherent elastic neutrino nucleus scattering [31] .
The MAJORANA Collaboration is currently operating the MALBEK detector [32] at the Kimbalton Underground
Research Facility (KURF) in Virginia, USA, at 1450 meters of water equivalent shielding. This Broad Energy Germanium (BEGe) detector was manufactured by CANBERRA and is operated in a low background cryostat with shielding and an active muon veto. MALBEK is being used by the collaboration to optimize the background simulation software, to test the data acquisition system for the DEMONSTRATOR, and to perform a search for dark matter and solar axions. Fig. 5 shows an example of the excellent agreement between the detailed simulation of the backgrounds and the data taken with the detector. 
CONCLUSION
The MAJORANA DEMONSTRATOR experiment is currently under construction at the Sanford Underground Research Facility in South Dakota, USA. First data using the enriched detectors are expected in 2014. The main goals of the experiment are to search for neutrinoless double beta-decay with an exposure of the order of 100 kgy and to demonstrate a technology that has low enough backgrounds to justify the construction of a tonne scale experiment. The DEMONSTRATOR will also have a rich research program in dark matter detection, solar axions, and other fields that complement the search for neutrinoless double beta-decay.
